The suitability of a habitat to an animal includes food availability, physical and climatic factors, population interactions, and safety from predators. Mappings of vegetation, soils, and microclimates across ecological landscapes have become standard and important tools for assessing an animal's habitat. More elusive to the researcher, yet of equal importance to the animal, has been the ability to map the predation risk perceived by an animal. Laundré et al., in developing the concept, defined the landscape of fear as the spatial map of the animal's predation cost of foraging. We mapped this landscape of predation costs by measuring the use of depletable food patches (yielding giving up densities [GUDs]) arranged as a grid across the landscape of interest. The landscapes of fear for 3 colonies of Cape ground squirrels (Xerus inauris) in Augrabies Falls National Park, South Africa, revealed large and distinct spatial variation in predation costs that appeared to be governed primarily by proximity to burrows and open sight lines. By converting the GUDs into quitting harvest rates (joules per minute), we believe we have translated the animals' perceptions of risk into a physical map whose contours across the landscape represent lines of equal foraging costs. Among the 3 colonies only 3-22% of the space resulted in low foraging costs (,2,500 J/min), whereas 31-92% of the sampled areas represented very high foraging costs (.5,000 J/min).
To a feeding animal, predation is 1 of 3 important foraging costs (Brown and Kotler 2004) . In response to these costs, a forager should quit a depleting food patch when its harvest rate no longer exceeds the sum of its predation, metabolic, and missed opportunity costs of foraging (Brown 1988) . Missed opportunity costs of an animal are controlled by providing several patches to the same set of animals on the same day . Metabolic cost of foraging may be controlled by providing similar patches to the same set of animals under the same microclimatic conditions (Kilpatrick 2003) . When similar food patches in space have the same metabolic and missed opportunity costs of foraging, then differences in an animal's quitting harvest rate can be ascribed to differences in the predation cost of foraging (Brown and Kotler 2004; Brown et al. 1994) . Differences in the quitting harvest rate can be measured as differences in the forager's giving up densities (GUDs-Brown 1988 ).
Many studies have linked predation costs with quitting harvest rates or GUDs (reviewed by Brown and Kotler [2004] ). For instance, many desert rodents experience higher predation risk and have higher GUDs in open than in closed microhabitats Kotler et al. 1991) , tree squirrels (Sciurus niger and S. carolinensis) have higher GUDs in the risky habitat away from trees than in safer areas near trees (Thorson et al. 1998) , and mule deer (Odocoileus hemionus) have higher GUDs along the edges of forests frequented by mountain lions (Puma concolor) than in open areas away from the forest . Furthermore, the vigilance and activities of conspecifics may mold and shift spatial perceptions of risk (e.g., sentinels in hyraxes [Procavia capensis]- Kotler et al. 1999) . In converting GUDs to quitting harvest rates, Brown et al. (1994) found that the predation cost of foraging comprises more than 75% of a typical desert rodent's total foraging costs.
The continuous changes in the predation cost of foraging that an animal experiences while foraging in space represents its landscape of fear . Although commonly recognized as a human emotion, fear also applies to animals (Barad 2005; Hamm and Weike 2005; Korte et al. 2005) , especially as they continuously assess microhabitat features in (Blanchard at al. 1990; Boissy 1995) . Areas that differ in predation risk can be visualized as a landscape with valleys representing areas of relative safety, and peaks as areas of relative danger. The landscape of fear, although visually transparent to an observer, exists because obvious or subtle features of the animal's environment afford lesser or greater advantages to a predator trying to detect and capture the feeding animal. Here, we demonstrate how such landscapes can be measured and mapped using GUDs, with the Cape ground squirrel (Xerus inauris) as our worked example. For applying this novel approach to mapping the landscape of fear, we chose a study animal for which we already had some understanding of the most important microhabitat feature for its predation cost-namely the distance to its nearest burrow entrance. Support for the role of burrow entrances in shaping the foraging-cost maps provides a test and confirmation of our approach.
We see the landscape of fear as an essential and complementary component of describing an animal's habitat quality. The landscape of fear describes an animal's perception of hazards, just as spatially explicit mappings of productivity and feeding opportunities may describe the landscapes of opportunities. The combination of these should provide a better measure of habitat suitability than either can alone.
MATERIALS AND METHODS
We studied 3 colonies of Cape ground squirrels (650-1,000 g body mass) at Augrabies Falls National Park, Northern Cape Province, Republic of South Africa. In all our procedures we followed the guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ). The park contains 15,415 ha of semiarid (approximately 125 mm of precipitation annually) Orange River Nama Karoo vegetation (Hoffmann 1996) . All 3 colonies were situated in typical habitat associated with ground squirrels with a substrate that supports tunnel digging (sandy soil that is neither too compacted nor too loose), and plant cover that is a mix between cropped and uncropped grass, and scattered shrubs and trees. These squirrels typically live in social groups of 5-10 individuals. A colony's burrow system can have as many as 100 separate openings (Skinner and Smithers 1990) . Colonies form around females and young. Males rove and join colonies for shorter time-periods when local females are reproductively active (Waterman 1995) . Predators of Cape ground squirrels include large raptors, blackbacked jackals (Canis mesomelas), and cats such as caracal (Caracal caracal) and leopard (Panthera pardus). The natural diet of Cape ground squirrels includes grasses and forbs, seeds, and occasionally insects (Skinner and Smithers 1990) .
The 1st study colony (Shrubby Colony) inhabited an open, riverine woodland. The site also contained some vacant camping structures. Acacia karoo and A. mellifera were the dominant trees. Low-growing shrubs, mainly Zygophyllum dregeanum, covered some areas. The ground squirrel colony contained 2 adult males, 2 adult females, and 4 juveniles. The 2nd colony (Open Colony) occupied open grassland with a few scattered A. mellifera trees on the periphery. Compared to the other colonies, this colony (4 adult males, 3 adult females, and 1 juvenile) offered squirrels the most open sight lines. They shared their burrow system with 4 yellow mongooses (Cynictis penicillata), a frequent occurrence without any apparent interspecific hostility (Waterman 1995) . The 3rd ''colony'' was not truly a colony but a burrow system (Male Colony) currently inhabited by just 2 males. However, the system of burrows was similar to that of the other 2 colonies, and for our purposes the 2 males represented a distinct and isolated group of squirrels. Male Colony occupied an open A. mellifera woodland, with a few larger A. karoo trees and scattered low-growing shrubs (Z. dregeanum, Lycium bosciifolium, and L. cinereum).
We propose 2 or 3 steps for converting the animals' perceptions of risk into a spatially explicit map: measuring GUDs in experimental food patches arrayed across some spatial landscape; measuring the animal's gain curve within the food patches to convert GUDs into quitting harvest rates (this step is optional); and using spatial statistics to produce the contour map and, if desired, relate it to other physical properties of the environment such as vegetation, soil type, and other physical topographies. We performed all 3 of these steps for the 3 colonies of Cape ground squirrels.
Step 1.-The 1st step requires a grid of experimental food patches arranged across the landscape of interest. Food patches typically contain a measured amount of food mixed into a substrate. The substrate hinders the animals' search for food, and ensures that the forager experiences diminishing returns while harvesting the patch. Food patches can be arranged as an n Â m grid, with greater distance between patches resulting in a larger survey area. However, too great a distance between patches will miss potentially important dips and rises in the animal's perceived risks that occur between patches. For instance, under shrub cover versus out in the open represents an important correlate of risk for many desert rodents (Brown and Kotler 2004) . These important microhabitats occur just 1-3 m apart. Hence, placing patches of the grid at distances greater than 3-5 m apart would likely miss important details of such a rodent's landscape of fear. Conversely, the landscape of fear for larger animals (e.g., mule deer) may have features that change at spatial scales much greater than that for desert rodents.
Metabolic and missed opportunity costs of foraging must be essentially constant across the landscape for spatial differences in GUDs to reflect differences in perceived predation risk. A relatively uniform climate across the landscape (e.g., temperature, wind, and sunlight) holds metabolic costs constant (Kotler et al. 1993; see Kilpatrick [2003] for variation in metabolic costs). The missed opportunity cost is not a property of a given patch, but a property of the entirety of the animal's daily range and activities (Brown and Alkon 1990) . For instance, greatly increasing the background food availability in the vicinity of one patch should increase the missed opportunity cost across all patches used by the forager (e.g., Brown et al. 1992) . As long as the same animals have access to all of the patches of the grid then the missed opportunity cost will be the same for all of these patches. Hence, the missed opportunity cost of the ground squirrels should be constant between the patches of a colony but may vary between colonies.
For the Cape ground squirrel, we made food patches by filling 3-liter clear-plastic trays (20 Â 25 Â 6 cm deep) with 8 g of wheat mixed into 2 liters of sand. At each site, we established an 8 Â 8 grid of 64 food patches positioned at 10-m intervals. After 2 days we measured the amount of food remaining in the patch (the GUD). Five foraging bouts of GUD data were collected for each site on rain-free days. Data were collected between 22 February and 16 May 2003. For each grid (90 Â 90 m), we also mapped all burrow entrances, shrubs, trees, and man-made structures (the latter present only at the Shrubby Colony). A total of 44, 95, and 45 burrow entrances positions were mapped for the Shrubby Colony, Open Colony, and Male Colony, respectively. Extensive observations confirmed that ground squirrels were the only diurnal foragers in our food patches. Typically, at any given time, a single squirrel would forage in a patch, and would act aggressively toward a 2nd individual attempting to join the same patch. Given the large number of patches relative to the number of squirrels, any given squirrel always had access to a nearby patch if it so chose.
In general, food patches are prepared and left for the animals over the course of a day, night or other relevant period that gives them ample time to exploit the patches and engage in alternative activities. By collecting GUDs each morning or afternoon (depending on whether the species of forager is nocturnal or diurnal, respectively) and recharging the trays, it becomes possible to collect repeated measurements over the course of several days. These repeated measures can be used to test for the consistency of the landscape from day to day, and more importantly, place confidence intervals on the GUDs of each patch location.
For our experiment we left our patches out for the squirrels for 2 days before collecting GUDs. Each of these days, patches were opened in the morning then covered with a plastic lid in the afternoon to exclude nocturnal foragers. At the end of 2 days of foraging, the trays were sieved of their remaining seed and refreshed with 8 g of fresh seed. The additional day insured that the animals had ample time to deplete their large number of trays (64 trays per colony), and providing food every 2 days instead of every day reduced the likelihood of the animals satiating on the food.
We analyzed the GUD data with analysis of variance with colony as a group variable with station and date nested within site (we did not run colonies on the same days).
Step 2.-A spatial map of the animals' predation cost of foraging can be constructed directly from the GUDs. Contours of this map represent lines of equal GUDs, whereas ''elevational'' changes in GUDs represent changes in the predation cost of foraging. To produce this contour map using GUDs, one can skip to step 3. Although such a map will correctly show how predation risk influences foraging costs in space, the map and GUDs from one study may not be quantitatively comparable to another study using different types of food patches. To make the units of the map general (such as joules per minute) and less experiment-specific (grams of some food per patch), GUDs must be converted into quitting harvest rates.
The GUDs can be converted to quitting harvest rates by measuring the animal's harvest rate from the experimental food patches (Brown et al. 1994) . By letting animals feed from the patches for varied amounts of time, a gain curve can be constructed from a plot of food harvested (this can be converted into joules per minute using knowledge of the food and its digestibility) as a function of cumulative time spent foraging in the patch. With time spent in patch and cumulative harvest as variables, this curve can be fit to any desired type II functional response curve (Olsson et al. 2001) . We chose to fit our cumulative harvest data to Holling's disc equation (Holling 1965 ) with parameters of encounter probability, a (units of per time), and handling time, h (units of time per food item). In this way GUDs become converted to quitting harvest rates through the relationship H ¼ ae(GUD)/[1 þ ah(GUD)], where H has units of joules per unit time and e represents joules of assimilated energy per ingested food item.
To estimate the squirrel's gain curve in our food patches, we observed foraging at our food patches for varying but limited amounts of time (this was done separately from the grids). Observations on ground squirrels were made from a distance of approximately 30 m with binoculars. At this distance, animals seemed undisturbed by our presence. After each foraging bout (2-60 min), we measured the amount of food harvested. Data were collected on 15 different days between 15 February and 28 April from the Open Colony and Shrubby Colony (days were dedicated to these measurements and separate from days with other sorts of data collection). Typically, it was possible for an observer to place out 4 food patches in a line (1 m between patches). These patches were identical to those used to measure GUDs in step 1 (8 g of food mixed into 2 liters of sand). Squirrels would come and go from the patches spending time harvesting and consuming seeds. Patches were randomly preassigned a time between 5 min and 60 min (5, 10, 15, 20, 25 , . . ., 60 min). As soon as this cumulative time had been spent by squirrels within the patch, all foraging would be interrupted and the appropriate patch removed and sieved for remaining seeds. The squirrels were then allowed to resume foraging until the next patch had achieved its target time. On a day of data collection we would collect 1 set of 4 measurements from the Open Colony and Shrub Colony. Although only 1 squirrel would feed from a patch at a time, there would often be as many as 4 squirrels feeding simultaneously from the 4 patches. In general, most and sometimes all of the squirrels of a colony would participate in the foraging, and a given data point could include cumulative time from .1 squirrel. This procedure yielded 64 data points characterized by cumulative time spent in the patch and amount of food harvested during that time. This procedure follows that of Kotler and Brown (1990) and Brown et al. (1994) .
To facilitate our estimate of encounter probability, a, we made a separate experiment to independently estimate handling time. On 12 days between 4 April and 15 May, we provided a squirrel with a set pile of food that was not mixed into a substrate (these days were separate from days of collecting GUDs or collecting timed gain-curve data from patches). Hence, the squirrel only experienced handling time but no search time. We only used bouts from a single squirrel, and the amount of seeds remaining was measured after the squirrel ceased feeding from the pile. We would then replace the pile of food and record a different squirrel. On these days we collected 6 sequential measurements from either the Open Colony or Shrubby Colony and then 6 sequential measurements from the other colony. This generated 141 measures with bout times ranging from 89 s to 693 s. These data represent repeated measures from the same individuals over different days, while attempting to minimize repeated measures from the same individual during the same day. Based on observations of sex and other identifying markings, we obtained a haphazard representation of most if not all of the colony members.
The gain curve of Holling's disc equation can be expressed as:
where T is cumulative time spent in the patch and IPD is the initial prey density (see Kotler and Brown 1990 ). For our purposes, IPD ¼ 8 g, GUD refers the amount of food remaining in the patch after the allowed time T, and we used our independent estimate of h (see ''Results''). We could then use a nonparametric, nonlinear regression to estimate the encounter probability, a.
Step 3.-Spatial statistics generate the landscape of quitting harvest rates as a contour map. Insofar as metabolic costs and missed opportunity costs remain relatively static across the landscape (as they should for large suites of animals across landscapes within an animal's home range), the ''elevational'' changes between successive contour lines represent changes in the predation cost of foraging. The landscape can then be overlaid onto other maps of the physical landscape to determine environmental factors that may influence predation risk. Furthermore, the landscape can be used to determine the fraction of space within which the animals feel secure, moderately secure, or frightened. To the foraging animal, this describes a critical attribute of habitat suitability.
The mean quitting harvest rates at all food patch positions were mapped and then contoured with the geographic information system program ArcView (ESRI Inc., Redlands, California). Points were interpolated using a spline curve, which fits a minimum-curvature surface through all input points. Mean quitting harvest rates were represented as contour lines. The positions of burrow entrances, shrubs, trees and man-made structures were then superimposed onto the contour maps.
We used station characteristics and mean GUDs at each station to test for correlates of foraging costs. We ran separate multiple linear regressions for each colony with distance to burrows (in meters), woody vegetation (in meters), and grass cover as independent variables (Table 1) . Grass abundance was characterized by counting the number of separate bunches of grass inside a 2-m-diameter circle centered on each station.
RESULTS
Step 1.-Colony, station within a colony, and date all significantly influenced GUDs. For our squirrel colonies, the average GUDs were 3.67 g, 4.98 g, and 7.17 g (SE ¼ 0.798) at the Open Colony, Shrubby Colony, and Male Colony, respectively (significant effect of site F ¼ 42.11, d.f. ¼ 2, 189, P , 0.001). Within colonies there was a strong station effect across the 5 temporal replicates (F ¼ 7.44, d.f. ¼ 189, 756, P , 0.001 and a contribution of 0.48 to the combined multiple r 2 of 0.742). Date, although significant (F ¼ 11.45, d.f. ¼ 12, 756, P , 0.001), contributed ,0.05 to the multiple r 2 . The average amount of food foraged from the food patches per squirrel per day was 17.3 g at the Open Colony, 12.1 g at the Shrubby Colony, and 13.3 g at the Male Colony.
Step 2.-Our estimate of handling time (h) was 1.61 min/g (60.082 95% confidence interval). Handling time was used in a nonparametric regression analysis (r 2 ¼ 0.91) to yield an estimated attack rate (a) of 0.206/min. Fig. 1 shows the data and the gain curve emerging for this handling time and encounter probability. We obtained an estimate for the digestible energy of wheat (e) of 14,340 J/g from the Alberta Department of Agriculture and Food (http://www1.agric. gov.ab.ca). We caution that this figure may not be accurate given species-specific absorption in the digestive tract for Cape ground squirrels and source of commercial wheat for these experiments, but it should not deviate too much. With these estimates, we converted the GUDs into estimated quitting harvest rates, and then calculated the mean quitting harvest rate for each station.
Quitting harvest rates varied dramatically within study sites and ranged from ,500 to .8,500 J/min. At all 3 study sites the predation cost of foraging was most strongly influenced by position of burrow entrances. Secondarily, predation costs fall or rise with the presence or absence of clear sight lines. Because of more shrubs and trees, the area of safe foraging was more limited at the Shrubby Colony and the Male Colony, as compared to the Open Colony. Step 3.-All 3 landscapes (Figs. 2-4 ) exhibited large and dramatic spatial variation in quitting harvest rates. The Open Colony exhibited the least spatially variable landscape with relatively gradual rises in the predation cost as squirrels moved away from clusters of burrows. Both the lack of dense shrub cover and the benefits of social foraging likely influenced the shape of the landscape. The Shrubby Colony had a region of relative safety surrounded on 3 sides by veritable cliffs of fear where the predation cost of foraging rose several thousand joules per minute in as little as 10 m. Inspection of the landscape suggests that reduced sight lines and the presence of dense, low shrubs were associated with abrupt changes in this landscape. The Male Colony exhibited a high plain of predation costs with abrupt increases near shrubs or away from their active burrows. The small group size and need for sight lines likely contributed to their high and sharply rising landscape of fear.
If we divide the landscape into regions of low (,2,500 J/min), medium (2,500-5,000 J/min), and high (.5,000 J/min) predation costs, the Male Colony has just 2 low-cost (3%) and 3 medium-cost (5%) stations, with 92% high-cost stations. The Shrubby Colony exhibited 22%, 17%, and 61% of the stations in the low-, medium-, and high-cost categories, respectively. The Open Colony had 17%, 52%, and 31% of stations in the low-, medium-, and high-cost categories, respectively.
For all 3 colonies, foraging costs (GUDs) increased significantly with distance to nearest burrow (Table 1) . For the Shrubby Colony, GUDs declined with distance to woody trees and large shrubs, and increased with grass cover. Distance to woody vegetation and grass cover did not significantly affect GUDs at the Open Colony or Male Colony.
DISCUSSION
There is a significant literature on the effects of predation on behavior and ecology (e.g., Brown et al. 1994; Kotler 1984; Laundré et al. 2001) . After wolves (Canis lupus) were reintroduced to Yellowstone National Park, elk (Cervus elaphus) and bison (Bison bison) increased their levels of vigilance for Lycium bosciifolium, P.j. for Psilocaulon junceum, R.sp. for Rhus sp., and Z.d. for Zygophyllum dregeanum. Contour lines represent areas of similar quitting harvest rates. Units are in joules per minute. Differences between contour lines indicate differences in predation cost of foraging. . It is this study that introduced the concept of a landscape of fear to ecology. Laundré et al. (2001) predicted that areas of relative safety would be used more heavily and areas of risk avoided more often after the introduction, with obvious consequences for habitat use and impact of herbivores on vegetation. These predictions have since been abundantly demonstrated (Hernández and Laundré 2005; Ripple and Beschta 2004) . Suhonen (1993) provided an example of the influence of predation risk on habitat selection in tits (Parus), because these birds experience varied risk levels between different areas within a tree. Most measures of spatial variation in predation costs of foraging have been done as stratified habitats that capture some but not all of the obvious or subtle changes in perceived risk. The landscape of fear, as revealed by GUDs, accurately reflects these perceptions, although the actual landscape may be more or less ''hilly'' depending on habitat features and scale of measurement.
The foraging landscapes of the ground squirrels exhibited from 5-fold (Shrubby Colony and Male Colony) to more than 10-fold (Open Colony) differences between stations in their perceived foraging costs. Such changes in costs must be substantially greater than likely changes in productivity, vegetation cover, soil substrate, or physical elevation. In short, the predation cost of foraging changes more quickly over a few meters than any other obvious feature of the squirrel's environment. For all 3 landscapes, the predation cost of foraging declined with the density of burrows. Hence, the squirrels through their burrowing activity can engineer aspects of their own landscape of fear.
We cannot rule out the possibility that the physical landscape simultaneously dictates risk (independent of burrows), which then leads to a distribution of burrows. Although this remains an open empirical question, 2 observations suggest that the burrows directly influence safety. First, the grids in the absence of burrows were quite homogeneous with respect to other physical characteristics (except for Shrubby Colony). Second, upon discovering food near our research hut (not associated with any of the research grids), the nearby ground squirrels within days dug new burrows next to the hut, presumably facilitating safer access to the new food source. In reality, the landscape of fear for burrowing animals may emerge from the interplay between existing physical features and burrow placement.
Regardless, proximity of burrow entrances was the most important factor shaping the landscape of fear for Cape ground squirrels (Figs. 2-4 ; Table 1 ). In general, the closer to a burrow entrance, the lower is the predation cost of foraging for a squirrel. The importance of burrow entrances shows how ground squirrels can engineer aspects of their landscapes of fear by the placement of burrow entrances (a form of ecological engineering- Jones et al. 1997) . By extending their burrow systems outward and into areas with higher food abundance (and assuming a favorable soil substrate), they can in effect increase the surface area where they can safely forage. Cape ground squirrels are prodigious diggers and new burrow entrances can appear within a single day.
As revealed by the maps, a typical colony has a high concentration of burrow entrances in a central area with several satellite entrances situated some distance off. The areas covered by our study grids were not large enough to cover all satellite entrances, which also seemed to be situated along routes of travel used most often by the squirrels. On the map of shrubby colony (Fig. 2B) , there is an area covering the eastern edge of the study site with a high density of low-lying shrubs. The quitting harvest rates in this area were relatively high, suggesting that the shrubs may increase the predation cost of foraging, perhaps by interfering with clear sight lines. Predators may be more difficult to detect in areas of dense vegetation, leading to a tendency for ground squirrels to avoid such areas. Thirteen-lined ground squirrels (Spermophilus tridecemlineatus) exhibit higher GUDs with distance from cover (Thorson et al. 1998 ) and the introduction of obstacles to open sight lines further increases GUDs (Jedlicka 1993) .
Cape ground squirrels are highly social and foraging in the presence of colony members increased their chances of detecting predators (Waterman 1997) . The presence, positions, or both of colony members may cause short-term fluctuations in predation risk for individual members that can affect the dayto-day contours or shape of the landscape of fear. When we compared day-to-day landscapes, there were some differences, but the basic shapes remained the same, suggesting that such effects are not strong enough to obscure the overall landscapes of fear as shaped by burrow entrances.
The number of individuals within a colony should influence GUDs and safety. A greater number of colony members increases demands for food, and may increase overall safety through group vigilance. This may explain why the 2 members of the Male Colony (as compared to 8 members for each other site) had relatively high quitting harvest rates. We did not manipulate the number of individuals at a site, but we suspect that changing the number of colony members (or their composition) will raise or lower the overall landscape of fear, but it will not change the topography. However, whether the rank ordering of scary and safe places changes with colony size remains a fascinating and as yet untested question.
In conclusion, fear driven by risk of death or injury influences habitat quality for all animals, especially for animals that experience predation. Such a landscape of fear (sensu Laundré et al. 2001) can be revealed through patch-use behavior and reveal important aspects of an animal's ecology and habitat preferences, with potentially important consequences for conservation. In this paper we demonstrate how such a landscape can be mapped, using GUDs and Cape ground squirrels as an example. In conjunction with spatial maps of soils, vegetation, and other topological features, such methods may be essential to understanding habitat suitability and to understanding how predation risk influences habitat use of animals. It will be interesting to see how knowledge of the landscape of fear assists in studies of resource use functions, habitat selection, and activity trade-offs between food and safety.
